letters to nature 708 NATURE | VOL 401 | 14 OCTOBER 1999 | www.nature.com tetrodotoxin (TTX; Calbiochem) after transfection. Cells were stimulated 48 h after transfection with PMA/I for 3 h or with 90 mM K + for 3 min. For studies with nifedipine, Bay K8644 or AP-5, cells were pre-incubated for 3 min with the inhibitors before stimulation. The inhibitors were also present during stimulation. For experiments with FK506/CsA, -CgTx-GVIA and -CTx-MVIIC, the pre-incubation time was 20 min. For assays of spontaneous synaptic activity cells were transfected at 9 days in vitro and TTX or pharmacological inhibitors were added 16 h after transfection.
and dorsoventral patterning in Xenopus embryos [published erratum appears in Nature 375, 253 (1995) ]. Nature 374, 617-622 (1995 When blood-borne naive T cells home to lymph nodes, they first roll on high endothelial venules using CD62L. This allows the chemokine receptor CCR7 to engage its ligand SLC, which is displayed by endothelial cells 10 . The CCR7-SLC interaction activates integrins that promote firm adhesion and transmigration of the T cells into the lymph node 11, 12 . In contrast to naive T cells, memory/effector cells migrate mostly through peripheral tissues 13 .
This migration mediates rapid protective responses and is controlled by the expression of different sets of integrins and chemokine receptors 1, 14 . However, some memory T cells must also reach the lymph nodes to mount secondary proliferative responses. We considered whether the two facets of the memory response might depend on subsets of memory T cells invested with distinct homing and effector capacities.
Because CCR7 and CD62L are essential for lymphocyte migration to lymph nodes 1, 15 , the co-expression of these receptors might distinguish a putative subset of memory T cells that home to lymph nodes. Human naive and memory T cells can be identified by the reciprocal expression of the CD45RA or CD45R0 isoforms 16 . (Fig. 1a) . Both naive and CCR7 + memory cells expressed high levels of CD62L, whereas the CCR7 − memory cells expressed CD62L to a lower and variable extent (Fig. 1b) . Within CD8 + T cells, the same three subsets could be identified, with an extra subset of CD45RA + CCR7
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− cells (Fig. 1c ). In addition, the two CCR7 + subsets expressed high levels of CD62L, whereas most of the cells among the two CCR7 − subsets lacked CD62L (Fig. 1d ). This
shows that lymph-node-homing receptors are expressed on a distinct subset of memory CD4 and CD8 T cells; furthermore, it identifies a subset of CD8 + cells that is CD45RA + , but that lacks both CCR7 and CD62L.
A number of chemokine receptors and adhesion molecules are involved in lymphocyte migration to secondary lymphoid organs or to tissues under homeostatic or inflammatory conditions 1, 14 . CCR7 − memory T cells express high levels of ␤1 and ␤2 integrins, which are required for homing to inflamed tissues 17 , as well as tissue-specific homing receptors such as CD103 and CLA (Table 1) . Receptors for inflammatory chemokines, such as CCR1, CCR3 and CCR5, which have been found on memory/effector cells 18, 19 , were selectively expressed in the CCR7 − memory subset. On the other hand, CCR7 + memory cells had a distinct phenotype. They expressed intermediate levels of ␤1 and ␤2 integrins, as well as CCR4, CCR6 and CXCR3 on various proportions of cells. T-cell activation markers such as CD69 and CD25 were expressed only on a small fraction of the two memory subsets, whereas HLA-DR was expressed on about 10% of the CCR7 − memory cells. Together, these results imply that CCR7 + memory T cells share migratory routes with naive T cells, although the expression of additional receptors such as CCR4 may allow them to respond to a wider spectrum of chemokines and interact more effectively with dendritic cells 20, 21 . Memory T cells carrying distinct homing receptors might participate in different types of immune responses and therefore might have different effector capacities. T-cell help for dentritic cells and B cells is dependent on expression of CD40L 22 , whereas protective responses in the tissues are mediated by T cells that produce effector cytokines, such as interferon-␥ (IFN-␥) or interleukin-4 (IL-4), or release stored perforin 23, 24 . The naive and two memory CD4 subsets were sorted and compared for their capacity to produce cytokines and upregulate CD40L following stimulation. As shown in Fig. 2a , both naive T cells and CCR7 + memory cells produced IL-2 only. In contrast, the CCR7 − memory subset produced high levels of IL-4, IL-5 and IFN-␥ and moderately reduced levels of IL-2. Upon activation, the extent of CD40L upregulation was comparable in the two memory subsets and was higher than in naive T cells; however, the kinetics of upregulation were comparable, indicating that, unlike tonsil T cells 25 , circulating memory T cells do not contain stored CD40L (Fig. 2b) . Rapid production of IFN-␥ was detected in most CCR7
− , but only a negligible fraction of CCR7 + memory cells following stimulation with autologous dendritic cells pulsed with a bacterial superantigen (Fig. 3) . Within the four CD8 + T-cell subsets, IFN-␥ production and perforin-containing granules were restricted to the CCR7 − cells (Fig. 2c, d ). Perforin expression was particularly prominent in the CD45RA + CCR7 − population that corresponds to a reported population of terminally differentiated CD27 − effector T cells 26 . CD8 + cells progressively lost IL-2 production, presumably as a function of their differentiation from naive cells to effectors.
We then examined the activation requirements, which are less stringent for memory cells 9 . Compared with naive cells, both memory subsets displayed increased sensitivity to stimulation by anti-CD3, both in the presence and in the absence of costimulation, although CCR7
− cells were consistently more responsive (Fig. 4a) .
The capacity to stimulate IL-12 production was tested by coculturing T cells with dendritic cells pulsed with different doses of the bacterial superantigen TSST. CCR7 + memory cells efficiently stimulated IL-12 production by dendritic cells at both high and low doses of TSST, whereas naive T cells were much less effective and only stimulated IL-12 at the highest TSST dose (Fig. 4b) . Thus, because of their lower triggering threshold and higher capacity to upregulate CD40L, CCR7
+ memory cells can function as potent activators of dendritic cells.
The above results indicated that two subsets of circulating memory T cells with different functional capacities can be discriminated by the expression of CCR7; therefore, we considered whether memory for antigens would be present in both subsets. As reported 16 , proliferative responses to tetanus toxoid can not be detected in naive T cells; however, they were consistently found in both the CCR7 + and CCR7 − memory subsets, even ten years after vaccination (Fig. 5) . Following a booster with tetanus toxoid, the proliferative responses increased in both subsets, indicating that Dendritic cells were pulsed with toxic shock syndrome toxin (TSST) at 100 ng ml −1 (empty 16, 27, 28 . What is the relationship between naive cells and the cells in the two memory subsets? When peripheral blood naive T cells were polyclonally stimulated, all cells became CD45R0 + after 10 days (data not shown), but most of the cells retained CCR7 expression, whereas only a few acquired the capacity to produce IL-4 or IFN-␥ (Fig. 6a-c) . When the CCR7 + and CCR7 − cells were sorted and stimulated, IL-4, IL-5 and IFN-␥ were found to be exclusively produced by the CCR7 − cells (Fig. 6d) . Thus, with respect to the parameters analysed, it appears that the same functional subsets of memory T cells that are detected in vivo can be generated by stimulation of naive cells in short-term culture.
When peripheral blood CCR7 + memory T cells were sorted and stimulated under the same conditions, almost all the cells that were recovered after 10 days had lost CCR7 expression and had acquired the capacity to produce effector cytokines upon further stimulation (Fig. 6e-g ), indicating that this subset is poised to generate effector cells. Finally, peripheral blood CCR7
− memory cells, after stimulation and expansion, retained their CCR7 − phenotype and effector function ( Fig. 6h-j) . This indicates that, at least in vitro, there may be a stepwise differentiation from naive T cells to CCR7 + memory to CCR7 − memory/effector T cells. This possibility is supported by analysis of the telomere length, which decreases as a function of cell division 29 . As shown in Fig. 6k , the length of telomeres in peripheral blood CD4 subsets decreased progressively from naive to memory cells, but was consistently higher in the CCR7 + than in the CCR7 − subset, suggesting that the latter had undergone a larger number of divisions.
We have shown that immunological memory is displayed by distinct T-cell subsets: lymph-node-homing cells lacking inflammatory and cytotoxic function (which we define as central memory T cells, T CM ) and tissue-homing cells endowed with various effector functions (which we define as effector memory T cells, T EM ). These two subsets allow a division of labour among memory cells. On the one hand, T EM cells represent a readily available pool of antigenprimed cells which can enter peripheral tissues to mediate inflammatory reactions or cytotoxicity, thus rapidly containing invasive pathogens. On the other hand, the newly described T CM cells represent a clonally expanded antigen-primed population which travels to secondary lymphoid organs and, upon a secondary challenge, can efficiently stimulate dendritic cells, help B cells and generate a new wave of effector cells.
Our results indicate a precursor-product relationship between the two memory subsets. In vitro stimulation of naive T cells results in the generation of both T CM and T EM cells, whereas stimulation of T CM cells results in their efficient differentiation to T EM cells. Furthermore, antigen-specific T CM and T EM cells persist in vivo for up to ten years and their relative proportions do not change after a booster immunization. These data are consistent with a linear differentiation model in which naive T cells differentiate first to T CM and then to T EM cells, depending on the strength and duration of T-cell receptor stimulation and the presence or absence of polarizing cytokines 21 . Understanding the mechanisms that generate and maintain the two types of memory cells will help to manipulate immunological memory for vaccination and for adoptive immunotherapy.
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Methods
Sorting and FACS analysis
Peripheral blood mononuclear cells were stained with a rat monoclonal antibody (mAb) specific for CCR7 (3D12, IgG2a) followed by a fluorescein isothiocyanate (FITC)-labelled mouse anti-rat IgG2a mAb (PharMingen) or alternatively by a phycoerythrin (PE)-labelled goat anti-rat immunoglobulin polyclonal antiserum (Southern Biotechnology Associates). The 3D12 mAb completely inhibited migration of peripheral blood T cells in response to secondary lymphoid tissue chemokine (SLC) and EBI1-ligand chemokine (ELC) (R.F., unpublished data) and did not affect the response of T cells to mitogenic or antigenic stimulation (F.S., unpublished data). In addition, 3D12 stained all cell lines that expressed CCR7 messenger RNA, but did not stain CCR7 mRNA-negative cells. In some experiments, a mouse mAb specific for CCR7 (10H5, IgG3; produced by L. Wu, LeukoSite) was used with comparable results. The following PE-, PC5-or APC-labelled mouse mAbs were used in different combinations: anti-CD45RA (ALB11, IgG1); anti-CD45R0 (UCHL1, IgG2a); anti-CD3 (UCHT1, IgG1); anti-CD4 (13B8.2, IgG1); anti-CD8 (B9.11, IgG1); anti-CD11a (25.3, IgG1); anti-CD11b (Bear1, IgG1); anti-CD18 (7E4, IgG1); anti-CD49d (HP2/1, IgG1); anti-CD49e (SAM1, IgG2b); anti-CD29 (K20, IgG2a); anti-CD103 (2G5, IgG2a); anti-CD69 (TP1.55, IgG2b); anti-CD25 (B1.49, IgG2a); anti HLA-DR (B8.12, IgG2b); anti-CD40L (TRAP-1, IgG1) (all from Immunotech); and anti-CLA (HECA-205, rat IgG1; PharMingen). Staining for chemokine receptors was carried out using the following mouse mAbs (all produced at LeukoSite): anti-CCR1 (2D4, IgG1); anti-CCR3 (7B11, IgG2a); anti-CCR4 (1G1, IgG1); anti-CCR5 (2D7, IgG2a); anti-CCR6 (11A9, IgG1); anti-CXCR3 (1C6, IgG1); and anti-CXCR4 (12G5, IgG2a). Cells were sorted using a fluorescence-activated cell sorter (FACS Vantage) and analysed on a FACScalibur (Becton Dickinson Systems). Sorted cells were immobilized on poly-L-lysine coated slides, fixed in 2% paraformaldehyde and permeabilized in 0.1% Triton-X100 before intracellular staining with an anti-perforin mAb (2␦4, IgG2b; PharMingen), followed by FITC-labelled goat anti-mouse immunoglobulin and propidium iodide to visualize the nuclei by confocal microscopy. The length of telomeres was determined using a Teloquant kit (PharMingen).
Cytokine detection
T cells were stimulated with 10 g ml −1 anti-CD3 antibody (TR66, IgG1) and 10 −7 M phorbol 12-myristate 13-acetate (PMA; Sigma). Cytokine production was measured in the 24-h culture supernatants by ELISA using matched pairs of antibodies specific for IL-2, IL-4, IL-5, IFN-␥ (PharMingen). For cytokine detection at the single-cell level, T cells were stimulated with 10 −7 M PMA and 1 g ml −1 ionomycin for 4 h, or with autologous dendritic cells pulsed with 100 ng ml −1 TSST for 7 h in 10 g ml −1 brefeldin A. Cells were fixed and permeabilized with PBS containing FCS (2%) and saponin (0.5%) and stained with FITC-labelled anti-IFN-␥ (IgG1) and PE-labelled anti-IL-4 (IgG2b) or PE-labelled anti-CD69 mAbs.
Cell cultures
Sorted cells were stimulated with plastic-bound anti-CD3 (TR66) and anti-CD28 (CD28.1, IgG1; provided by D. Olive) in RPMI 1640 medium containing 2 mM L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate, 50 g ml −1 kanamycin, (complete medium; Gibco BRL) and 10% FCS (HyClone Laboratories). The cells were expanded with 500 U ml −1 IL-2. Monocytes were isolated using magnetic beads coated with anti-CD14 mAb (Miltenyi), irradiated (3,000 rad), pulsed with 5 g ml −1 TT and cultured with different numbers of T cells. IFN-␥ was measured by ELISA in the 24-h culture supernatant. 3 H-thymidine incorporation was measured on day five. Immature dendritic cells were produced by culturing peripheral blood CD14 + monocytes with GM-CSF þ IL-4 for six days. The cells were pulsed with different concentrations of TSST and cultured with graded numbers of T cells. IL-12 p70 was measured by ELISA (PharMingen) in the 24-h culture supernatant.
